Dollo's law of irreversibility states that once a complex trait has been lost in 23 evolution, it cannot be regained. It is thought that complex epistatic interactions and 24 developmental constraints impede the re-emergence of such a trait. Oviparous 25 reproduction (egg-laying) requires the formation of an eggshell and represents an 26 example of such a complex trait. In reptiles, viviparity (live-bearing) has evolved 27 repeatedly but it is highly disputed if oviparity has re-evolved. Here, using up to 28 194,358 SNP loci and 1,334,760 bp of sequence, we reconstruct the phylogeny of 29 viviparous and oviparous lineages of common lizards and infer the evolutionary 30 history of parity modes. Our phylogeny strongly supports six main common lizard 31 lineages that have been previously identified. We find very high statistical support for 32 a topological arrangement that suggests a reversal to oviparity from viviparity. Our 33 topology is consistent with highly differentiated chromosomal configurations between 34 lineages, but disagrees with previous phylogenetic studies in some nodes. While we 35 find high support for a reversal to oviparity, more genomic and developmental data 36 are needed to robustly test this and assess the mechanism by which a reversal might 37 have occurred. 38 39
ABI 3130x at Dundee University. Sequences were quality checked by eye, and 166 trimmed and aligned using Geneious v. 7.1.9 (Kearse et al., 2012) . Data are deposited 167 in NCBI (Genbank accession with manuscript acceptance). 168 169
Bioinformatic analysis 170
All NGS generated reads were analyzed using the RADseq software tool 171 STACKS v.1.41 (Catchen et al., 2011) . Reads were trimmed to a common length of 172 70 bp to maximize the number and length of retained reads (Recknagel et al., 2015) . 173
Libraries were de-multiplexed and all reads were sorted into stacks of loci within each 174 individual (maximum distance of 2 bp within a locus). The minimum coverage 175 threshold per individual locus was set to five. Each individual was then aligned to a 176 Zootoca vivipara reference genome v. 0.9 (Yurchenko et al. in prep) using bwa (Li 177 and Durbin, 2010) and samtools (Li et al., 2009) . A catalogue of all loci identified 178 across individuals was subsequently created using the genome referenced stacks from 179 each individual. 180
Missing data can have a substantial impact on phylogenetic inference from 181 NGS generated data and can vary between taxonomic and phylogenetic levels (Eaton 182 et al., 2017; Jiang et al., 2014; Rowe et al., 2011; Streicher et al., 2016) . Therefore, it 183 is crucial to first evaluate the impact of missing data before phylogenetic analysis. We 184 filtered our data with two main options: i) using a variable minimum number of 185 individuals that a locus had to be present in, and ii) varying the number of SNPs per 186 locus from one to three. The amount of missing data was increased from 0% to 90% 187 at 10% intervals. For each of these categories, loci containing only a single SNP, two 188 SNPs, three SNPs and one to three SNPs were extracted from the whole dataset. 189
These datasets were extracted to test the impact of missing data and number of SNPs 190 on phylogenetic resolution and to assess optimal settings for data extraction. 191 192
Phylogenetic analysis 193
Suitability of data sets that differed in degree of missing data and number and 194 type of SNP loci was assessed by comparing the sum of bootstrap supports (at deep, at 195 shallow, and at all nodes combined) (Huang and Lacey Knowles, 2016). The best 196 performing dataset for inferring the evolutionary history of parity mode in common 197 lizards was identified and chosen for more exhaustive phylogenetic and comparative 198 analyses. This best performing dataset was assessed by constructing Maximum-199 likelihood (ML) phylogenies using the software RAxML vers. 8.1.20 with a 200 GTRGAMMA substitution model of evolution (Stamatakis, 2006 Zootoca lineages. ADMIXTURE assesses the genomic ancestry of individuals 210 according to a given set of genetic clusters. A variable number of genetic clusters k 211 was run, from 1 to 6 k and best fit inferred from ten-fold cross-validation. The genetic 212 cluster with the lowest cross-validation error was chosen as optimal k. These analyses 213 confirmed monophyly of the six main lineages and limited levels of admixture. 214 GTRGAMMA model was performed in RAxML. Support values were drawn on the 218 best scoring ML tree. The best ML tree was compared to four alternative pre-defined 219 topologies, which had been proposed in previous studies. These topologies included i) 220 and with ten random addition sequence replicates for each bootstrap replicate. The 245 50% consensus bootstrap tree was compared to phylogenies generated with ML and 246 Bayesian analyses. 247
To incorporate potential past migration events and incomplete lineage sorting 248 effects, we performed a TREEMIX v.1.3 (Pickrell and Pritchard, 2012) search using 249 only independent SNPs (one SNP per locus; 49,107 loci included) and a window size 250 of 1000 bp. We included zero to six migration events and compared the variance 251 explained between resulting tree with and without migration events to evaluate the 252 impact of migration. We calculated f3-statistics to assess whether admixture has 253 played a role in the evolution of common lizard lineages. 254
For the mitochondrial dataset, we performed a bootstrap ML search using 255 RAxML (100 bootstrap replicates), MP using the same parameters mentioned above 256
and Bayesian reconstruction with BEAST2 to generate the phylogeny. The best 257 substitution model for BEAST2 was inferred from eleven different substitution 258 schemes in JMODELTEST2 (Darriba et al., 2012) based on lowest AICc and run on 259 CIPRES. We ran BEAST2 for 20 million generations and discarded 10% as burn-in. 260
Convergence was inferred if ESS values in TRACER were larger than 100. 261
Results 262 263

Data evaluation and identification of optimal parameters for phylogenomic 264
dataset 265
Total number of generated reads was 828,000,972 (1 st library: 10,000,000 266 reads, 2 nd library: 42,377,658 reads, 3 rd library: 775,623,314 paired-end reads). After 267 sorting reads into individual loci, mean coverage per individual was 27.6x with a 268 standard deviation of 11.0x (range: 9.2x -66.9x; median: 24.1x). 269
We found that phylogenetic resolution generally improved by accepting larger 270 amounts of individuals with missing data (Fig. S1 ). The best summed bootstrap 271 support was achieved using loci that were present in at least 40% of all individuals. 272
Accepting more missing data this did not improve phylogenetic resolution. The (Table S2 ). This phylogeny resolved eastern oviparous, central viviparous, 284 and western oviparous each as monophyletic ( Fig. S2 ). However eastern viviparous, 285 central viviparous, and western viviparous lineages were all polyphyletic, suggesting 286 considerable introgression and a poor association of single gene mtDNA with the 287 phylogeny generated from genome-wide data. Support values were generally 288 considerably lower for both basal and terminal nodes compared to the phylogeny 289 generated from the extensive genomic dataset. The topology also differed 290 considerably from the topology generated from phylogenomic data ( Fig. 3; Fig. S2 ). Genetic differentiation between all six lineages was substantial (Table S3) (Table S3) . 319
Genetic differentiation between the viviparous lineages was less pronounced (Fst: 320 0.23 -0.32; Jost D: 0.004 -0.008). 321 Using monophyly constraints and statistical topology testing, any topologies 335 compatible with alternative scenarios of parity mode evolution. Alternative scenarios 336 included: oviparity as a basal trait and a single origin of viviparity ( Figure 1A ; Table  337 1), multiple independent origins of viviparity ( Figure 1B; Table 1 ), a reversal to 338 oviparity but independent sex chromosome evolution ( Figure 1C ; Table 1) , and 339 multiple origins of viviparity and a reversal to oviparity ( Figure 1D ; Table 1) and  340 were all significantly less likely (Table 1) Reconstructing evolutionary relationships between the six main phylogenetic 344 lineages in TREEMIX results in a similar topology as retrieved from the other 345 analyses, with eastern oviparous consistently sister to all other lineages. Overall 346 likelihood and variance explained increased including more migration events, and 347 reached a plateau after two migration events (Fig. S3 ). Topologies were unstable 348 when more migration events were included, though these topological changes should 349 be considered with caution since all f3-statistics were positive, indicating that 350 admixture has not played a major role in the evolution of common lizard lineages 351 (Table S4) . (Table 1) . We find 363 considerable differences between our high resolution phylogenomic tree and our 364 mtDNA phylogeny. 365
The evolution of oviparity and viviparity in common lizards has been 366 contentious and a range of studies, using different geographic and genetic sampling, Wagner, 2010). In this example, a scenario with no reversal to oviparity required three 406 additional evolutionary transitions compared to the most parsimonious scenario with a 407 single reversal to oviparity. In addition to the support from parsimonious trait 408 reconstruction from the phylogeny, sand boas lack the egg tooth, which is an 409 important anatomical structure for hatching from eggs that is present in related 410 oviparous snake species. This provides independent evidence for the derived state in 411 sand boas and the re-evolution of oviparity (Lynch and Wagner, 2010). In general, in 412 addition to support from phylogenetic reconstruction, it should be best practice to 413 assess whether the trait re-evolved is developmentally and anatomically similar to the 414 ancestral trait. Substantially different features of the trait in the derived compared to 415 ancestral form can be considered additional evidence for re-evolution, rather than the 416 less plausible scenario that the ancestral form was retained but changed over time while an alternative trait was independently lost in multiple related lineages. In 418 common lizards, the short timespan between the origin of viviparity and the re-419 evolution of oviparity might have facilitated the reversal, in that not many genomic 420 changes were required. In general, a trait as complex as viviparity is thought to 421 require several changes in the genome (Murphy and Thompson, 2011) . phylogenetic reconstructions, can lead to wrong conclusions in trait evolution (Hahn 431 and Nakhleh, 2016). While here we found substantial support for the re-evolution of 432 oviparity based on the largest genomic dataset to date, more knowledge on the 433 development and genetics of the trait is necessary to unequivocally assess whether a 434 reversal to oviparity occurred in common lizards. In the future, more refined 435 phylogenetic reconstructions using whole genome and phylogenomic data combined 436 with insights into the genetic mechanisms involved in parity mode evolution should 437 provide answers on whether reversals to oviparity occur in squamates and how 438 common they are. 439 440
Evolutionary relationships between common lizard lineages and comments on 441 taxonomic status 442
Our genome-wide phylogeny recovered a new topology, but this included 443 similar clades as previously supported by mitochondrial DNA reconstructions, except 444 for the Carpathian clade, which we find is nested within the Eastern viviparous 445 lineage ( Fig. 1; Fig. 3; Fig. S3 ). Incongruence between nuclear data and mitochondrial 446 data is observed frequently (Ballard and Whitlock, 2004; Near and Keck, 2013;  basal to all other common lizard lineages. Splitting order for the other lineages differs 450 from previous phylogenetic reconstructions, however, the reciprocal monophyly of all 451 remaining five lineages was highly supported by all analyses here. In agreement with 452 this, f3-statistics suggest that there was no significant admixture between lineages 453 (Table S3 ). Past mitochondrial DNA introgression and capture are a possible 454 mechanism explaining the discordance between mitochondrial and nuclear genes 455 (Leavitt et al., 2017; Willis et al., 2014) . 456
Based on the strong reciprocal monophyly of the lineages, we suggest that 457 hybridization is rare and might be geographically restricted, it does occur between Z parsimonious scenario of reproductive mode evolution (Fig 3, Table 1 Odierna et al., 2004 Odierna et al., , 1998 , these findings are strong evidence that a 516 reversal to oviparity has occurred what is now the allopatric western oviparous 517 lineage (Fig. 2, Fig. 3 ). In addition, we propose that a taxonomic revision of this 518 genus at the subspecific level may be needed. More generally, this suggests that 519 Dollo's law of irreversibility is not without exceptions, and might be particularly 520 prone to switches between characters at early stages of evolution of a new or lost trait. 521
For the future, we suggest that common lizards represent an ideal candidate to 522 investigate the genomic basis for evolutionary complex reversals. 523 Table 1 . Statistics of alternative topological constraints. Five alternative topological constraints were set and compared to the best 802 performing maximum likelihood tree. Topological constraints were set to represent different evolutionary hypotheses of parity mode 803 evolution (assuming the most parsimonious path of evolution, i.e. the lowest number of possible transitions). Constraint models are 804 ranked by observations, starting with the model without constraint. Constraint models are the following: i) 'no constraint' is consistent 805 with a reversal to oviparity and refers to the topology in Figure 3 , ii) 'viviparous CVII basal' is the same topology as i), only specifying 806 the constraint that the central viviparous II lineage is sister to all remaining lineages excluding the eastern oviparous lineage, which is 807 basal to central viviparous II; it is consistent with a reversal to oviparity and Figure 3 , iii) 'multiple viviparity' constrains central 808 viviparous II as sister to eastern oviparous, and western oviparous sister to all other viviparous lineages, consistent with two independent 809 origins of viviparity and Figure 1B , iv) 'oviparity basal' constrains eastern and western oviparous lineages to be basal to all other 810 viviparous lineages and is consistent with a single origin of viviparity and Figure 1A , v) 'viviparous CVII not basal' constraints the 811 eastern oviparous lineage to be basal to all other lineages, but the central viviparous II not as basal to the remaining lineages; it is 812 consistent with a reversal to oviparity but not with sex chromosome evolution and corresponds to Figure 1C , and vi) 'viviparous RO 813 basal' constrains the Carpathian lineage to be sister to the eastern oviparous lineage, consistent with multiple independent origins of 814 viviparity and potentially a reversal to oviparity and corresponds to Figure 1D . 
